Abstract. We characterized key leukocyte immunophenotypes in the liver and spleen of naturally infected dogs from an area in Venezuela endemic for leishmaniasis. Dogs were classified as symptomatic or asymptomatic after serologic and physical analysis. Symptomatic dogs showed a higher parasite burden in the liver and spleen than asymptomatic dogs. The livers of asymptomatic dogs showed an effective immunity with well-organized granulomas walling off parasites in an environment of central memory CD44 lo , CD45RO hi , activated effector CD44 hi , and CD45RO hi T cells. These granulomas also had many major histocompatibility class II+ cells and CD11c+ dendritic cells, and cells expressing CD18 and CD44. In contrast, symptomatic livers showed a non-organized and non-effective infiltrate composed of T cells and heavily parasitized Kupffer cells and a diminished expression of activation molecules. In the spleen, the immune responses of symptomatic and asymptomatic dogs were very similar. The results showed a distinct immune response against Leishmania chagasi in target organs.
INTRODUCTION
In Europe and Latin America, Leishmania infantum and L. chagasi are the causative agents of visceral leishmaniasis (VL), a potentially fatal disease in humans and domestic dogs if not diagnosed and treated in a timely manner. 1 Since dogs are the main reservoir, infected domestic dogs probably represent the main source of infection in Venezuela. 2, 3 Once infected sand flies transmit the parasites to the vertebrate host, the parasite migrate to the viscera and establish establishing infections in the liver, spleen, and bone marrow. 4, 5 Although there is some evidence regarding the immune response of target organs against Leishmania parasites from murine models, 5 little is known of the specific immune responses occurring in these organs in both human and canine leishmaniasis. Based on the similarity of clinical signs observed in humans and dogs, canine VL has been suggested as a good model to comprehend the pathogenesis of the human disease. However, experimental infections in dogs are expensive and time-consuming, and findings are inconsistent when compared with those in well-established murine models. 6 Conveniently, naturally infected dogs represent an excellent model since these animals show a wide range of clinical signs and symptoms observed in human infection.
A few studies support the association between disease progression and the establishment of cell-mediated immunity dogs. Several investigators have shown the lack of specific cell-mediated immunity in infected symptomatic dogs characterized by a reduced lymphoproliferative response to Leishmania antigens and a decrease in CD4+ T cells. [7] [8] [9] One study using peripheral blood mononuclear cells (PBMC) from experimentally infected dogs suggest an association between a Th1 response and resistance to canine VL. 10 In contrast, a similar study in Brazil using bone marrow aspirates from naturally infected dogs failed to provide a clear association between Th2 cytokine patterns, humoral responses, and cellular responses in the progression of visceral disease. 11 These studies provide only a broad depiction of the cell-mediated immunity response that does not necessarily reflect the response in the viscera. The in situ immune response in target organs of the dog against viscerotropic Leishmania has not been extensively studied. A study by Tafuri and others 12 has described histopathologic changes in the livers and spleens of dogs naturally and experimentally infected with L. chagasi and demonstrated increased numbers of CD18+ cells in the spleens of these animals. In the present study, we characterize the in situ immune response in the livers and spleens of naturally infected dogs from endemic areas for leishmaniasis on Margarita Island in Venezuela and show differences between symptomatic and asymptomatic dogs.
MATERIALS AND METHODS
Animals. Domestic, half-breed, naturally infected dogs (34 males and 26 females) between one and seven years of age from areas endemic for L. chagasi on Margarita Island (Nueva Esparta State) in Venezuela were diagnosed by serologic and parasitologic methods as previously described. 3, 13 After a physical examination, positive dogs were classified as asymptomatic (n ‫ס‬ 41) or symptomatic (n ‫ס‬ 19) as described by Zerpa and others 3, 13 in relation to the absence or presence of some or all of the following clinical signs: weigh loss, ocular and nail changes (corneal opacity and onychogryphosis), alopecia, skin ulcers, hepatosplenomegaly, and palpable lymph nodes. Healthy control dogs (n ‫ס‬ 5) were obtained from an area that was not endemic for VL (Unidad de Cirugía Experimental, Escuela de Medicina Vargas, Caracas, Venezuela). The Institutional Animal House and Ethical Committee of the Universidad Central de Venezuela reviewed and approved all protocols. Killing of animals followed the report of the American Veterinary Medical Association Panel on Euthanasia using pentobarbital. The Venezuelan Program on Prevention and Control of Visceral Leishmaniasis required the killing of all infected animals.
Parasite load in dogs naturally infected with L. chagasi. The liver and spleen were aseptically removed and transverse sections were cut using a scalpel to prepare impression smears on glass slides from a representative sample (six asymptomatic dogs and five symptomatic dogs). These smears were fixed in methanol and stained with Giemsa (British Drug Houses, Leicestershire, United Kingdom) to identify host and parasite nuclei. Parasite load was expressed either as Leishman Donovan units (LDU) (number of amastigotes per 1,000 host cell nuclei per gram of organ) or as the number of parasites per 1,000 host nuclei. Also, 3-m cryostat sections of liver and spleen from all the dogs (n ‫ס‬ 60) and the mesenteric lymph nodes from 10 dogs (five asymptomatic and five symptomatic) were fixed in methanol, stained with Giemsa, and embedded in distyrene-tricrecyl phosphate-xylene (DPX) mounting medium (British Drug Houses), and the number of infected cells/mm 2 was counted under the microscope. Reagents and antibodies. The following primary antibodies were used for immunocytochemical analysis: rat anti-canine CD4 (T helper-inducer, YKIX302.9), CD8 (T suppressorcytotoxic, YCATE55.9), Pan T cells Thy-1 (T cells and monocytes, YKIX337.217), CD45 (T cell subgroup, YKIX716.13), CD44 (YKIX337.8.7), major histocompatibility class II (MHC II) (YKIX334.2), rat anti-human CD18 (YFC118.3), mouse anti-canine CD11c (dendritic cells, monocytes, and granulocytes, CA11.CA1), mouse anti-human monocytesmacrophages (MoMa) (MAC387) (Serotec Oxford, United Kingdom). Leishmania parasites were detected by immunocytochemical analysis using an affinity-purified antibody developed in our laboratory and obtained from rabbits after immunizations with a pool of parasites causing American leishmaniasis. The secondary antibodies used were mouseabsorbed biotinylated rabbit anti-rat IgG, biotinylated horse anti-mouse IgG, and biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA). The following reagents were used for flow cytometry analysis: phycoerythrin (PE)−conjugated mouse anti-human CD45RO (UCHL-1), fluorescein isothiocyanate (FITC)−conjugated rat antiporcine CD44 (MAC329), mouse IgG2b-PE (MOPC-195), and rat IgG1-FITC (LO-DNP-1) for isotype control. Double labeling with rat anti-dog FITC-conjugated CD4 and PE/Cy5-conjugated CD8 (Serotec) were used as controls.
Immunohistologic analysis. Liver and spleen specimens from all 60 dogs and the mesenteric lymph nodes from 10 dogs (five asymptomatic and five symptomatic) were embedded in Cryomatrix™ resin (Shandon Pittsburgh, PA), snapfrozen in liquid nitrogen, and stored at −70°C until examination. Frozen sections (6 m) were cut with a cryostat, placed on poly-L-lysine-coated glass slides, and air-dried overnight before the immunostaining. Samples were fixed in ice-cold acetone for 10 minutes, then hydrated in phosphate-buffered saline (PBS). Before immunostaining, endogenous peroxidase activity was quenched by incubating samples with 0.3% hydrogen peroxide (Sigma, St. Louis, MO) in methanol for 20 minutes. Sections were then washed in three changes of PBS for 30 minutes. Endogenous biotin was blocked in liver sections with avidin-biotin (Vector Laboratories) for 30 minutes. Background staining was blocked with 3% (v/v) serum (obtained from the same animal source of the secondary antibody) diluted in PBS for 30 minutes. Excess serum was blotted from the sections. Sections were incubated with the primary antibody for 60 minutes, washed for five minutes in PBS, and then incubated for 30 minutes with a biotinylated secondary antibody (5 g/mL) diluted in PBS (v/v). The sections were then washed in PBS and incubated with Vectastain ® (Elite ABC kit; Vector Laboratories) at a dilution of 1:100 for 30 minutes. After a final 10-minute wash step in PBS, sections were developed for three minutes in NovaRed™ substrate (Vector Laboratories). Development was ended by immersion of slides in running tap water. Sections were counterstained by immersion for three minutes in Meyer's hematoxylin (Sigma), followed by washing in tap water. Sections were dehydrated and covered with DPX mounting medium (BDH). Omission of the primary antibody or incubation with an antibody of irrelevant specificity at the same protein concentration were used as controls.
Flow cytometry analysis. Detection of surface markers on mononuclear cell fraction from liver and spleen was done as previously described.
14 Briefly, hepatic mononuclear cells were obtained from perfused and collagenase-treated livers by isolation on a Histopaque-1077 ® density gradient (Sigma). A spleen mononuclear cell suspension was prepared by tissue dissociation of the spleen through a 20-m sieve (Falcon; Fisher Scientific Supplies, Miami, FL) and isolation on a Histopaque-1077 ® density gradient. For immunolabeling, 1−5 × 10 5 cells/sample were washed once in 3 mL of cold staining buffer (1% [v/v] horse serum, 0.01% [w/v] sodium azide in PBS) by centrifugation at 251 × g for 10 minutes at room temperature (Sorvall ® ; Kendro Laboratory Products, Newtown, CT). Cells were resuspended in 50% (v/v) ice-cold horse serum for 15 minutes to prevent nonspecific binding of antibodies and incubated for 30 minutes at 4°C with primary antibody (100 L, 1−5 g/mL) or an isotype control antibody labeled with a fluorochrome and diluted in staining buffer. The cells were than washed in 3 mL staining buffer and resuspended in 0.5 mL of 1% (w/v) paraformaldehyde in PBS, stored in the dark at 4°C and analyzed within 24 hours. For the analysis, an FACScan with CellQuest ® software (Becton Dickinson, Franklin Lakes, NJ) was used. Cells were selected in a live gate using forward and side scatter, and the differential expression of the molecules CD45RO (UCHL-1-PE) and CD44 (MAC329-FITC) was determined. Cells labeled with the respective isotype control immunoglobulin for each sample were used as negative controls.
Statistical analysis. Data are expressed as the mean ± SEM. Comparisons between groups were analyzed by analysis of variance and the Student's t-test using GraphPad INSTAT-3™ software version 3.02 (GraphPad Software, San Diego, CA). P values < 0.05 were considered significant.
RESULTS
Parasite load in dogs naturally infected with L. chagasi. Analysis of the parasite load from Giemsa-stained smears in the target organs showed striking differences between asymptomatic and symptomatic naturally infected dogs. Symptomatic dogs showed high parasite burdens in the liver (747 ± 39 LDU), which was almost two-fold higher than the LDU observed in livers of asymptomatic dogs (399 ± 47 LDU) (Figure 1 ). We also observed this difference in the spleens of symptomatic and symptomatic dogs. In this organ, despite the lower parasite load observed, symptomatic dogs presented a two-fold increase when compared with asymptomatic dogs (238 ± 27 LDU and 90 ± 11 LDU, respectively). We also observed more parasites per cell in the liver than in the spleen of all naturally infected dogs: 400 infected cells/ mm 2 (Figure 2A) . In symptomatic dogs, many Kupffer cells laden with parasites were scattered throughout the liver along with a profuse and disorganized mononuclear cell infiltrate ( Figure 2B ). In contrast, the spleens of symptomatic and asymptomatic dogs showed a lack of cellular and topographic organization in comparison to non-infected control dogs.
The immunohistologic analysis also demonstrated a marked difference in the proportion and distribution of immunocompetent cells in the liver, but not in the spleen, of asymptomatic dogs compared with symptomatic dogs (Figures 3, 4, and 5 ). Significant higher proportions of Thy-1+, CD4+, and CD8+ T cells were observed in the livers of asymptomatic dogs compared with symptomatic and healthy control dogs ( Figure 4A ). In contrast, similar numbers of infiltrating T cells were observed in the livers of symptomatic and healthy control dogs. Somewhat higher but significant numbers of CD4+ T cells (P Յ 0.05), sparsely distributed but usually localized around infected macrophages, were observed in symptomatic dogs (Figures 3 and 4A) . The livers of asymptomatic dogs also showed significant higher numbers of CD18+, CD44+, and CD45+ infiltrating cells compared with symptomatic and healthy control animals, indicating the presence of highly efficient effector mechanisms ( Figure 4B ). Moreover, these hepatic granulomas showed higher proportions of CD11c+ and MHC-II+ cells ( Figure 4C ), suggesting an effective interaction between antigen-presenting cells and T cells that favor proper control of parasites. Thus, the observed lower proportion of MoMa+ Kupffer cells in the livers of asymptomatic dogs suggest that dendritic cells, not macrophages, contribute to the increased numbers of MHC-II+ and CD11c+ cells observed.
In the spleen, both symptomatic and asymptomatic dogs showed similar immune responses, despite a two-fold difference in the parasite load observed in these two clinical conditions ( Figure 5 ). Higher numbers of CD4+ T cells and CD44+ cells were observed in the spleens of asymptomatic dogs compared with symptomatic and healthy control dogs ( Figure 5 ).
In the mesenteric lymph node, a group of symptomatic (n ‫ס‬ 5) and asymptomatic (n ‫ס‬ 5) dogs showed similar parasite loads and immune responses regarding CD4+ T cells and CD11c+ cells, whereas the number of CD8+ T cells was sig-FIGURE 1. Parasite load in the liver and spleen of dogs naturally infected with Leishmania chagasi. The horizontal bars represent the mean. Statistically significant differences were observed between the livers (P Յ 0.001) and spleens (P Յ 0.01) of asymptomatic (n ‫ס‬ 6) and symptomatic (n ‫ס‬ 5) dogs, and between the two organs within each animal group (P Յ 0.001). LDU ‫ס‬ Leishman Donovan units. 
Activated memory/effector immunophenotype in hepatic T cells in asymptomatic dogs.
To characterize the role of T cells in canine VL in the target organs, mononuclear cell populations were isolated from livers and spleens of naturally infected dogs and analyzed by flow cytometry for the expression of activation molecules CD45RO and CD44. The results showed no differences between asymptomatic and symptomatic dogs in the numbers of memory, effector and naive T cell subsets in the spleen ( Figure 6 and Table 1 ). In contrast, we observed remarkable differences in the liver, where distinct percentages of infiltrating CD44 lo CD45RO hi central memory T cells were shown in asymptomatic (80.0 ± 12.0) and symptomatic (35.0 ± 12.0) dogs. Interestingly, many CD44 lo , CD45RO
− naive T cells were observed in the livers of symptomatic dogs (7.1 ± 3.0%) compared with asymptomatic dogs (0.2 ± 0.2%).
DISCUSSION
The striking differences in parasite burdens between asymptomatic and symptomatic dogs naturally infected with L. chagasi suggest a diminished infection or a more efficient control of the parasite replication in asymptomatic dogs, especially since we ignored the exact time of infection. In addition, we observed more parasites per cell in the liver than in the spleen of all naturally infected dogs, which coincided with observations in mouse models of VL 5, 15 and other infections such as Mycobacterium avium infection of severe combined immunodeficient (SCID) mice, where bacterial growth con- 
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tainment is achieved in the peritoneum and not in the spleen. 16 Also, mice infected with M. tuberculosis can efficiently kill bacilli in the liver, spleen, and kidney, but not in the lung. 17 Moreover, the immunolocalization of lipoarabinomanan, a component of mycobacterial surfaces associated with immunosuppression, is limited to the spleen marginal zone macrophages and to a lesser degree to hepatic resident macrophages (Kupffer cells). 18 In the present study, similar observations were confirmed by quantifying the numbers of infected macrophages in histologic sections of canine liver and spleen.
The livers of asymptomatic dogs showed an effective immunity with well-organized granulomas walling off parasites in an environment of central memory and activated effector T cells, dendritic cells, and cells expressing CD18 and CD44. In contrast, livers from symptomatic dogs showed a nonorganized and non-effective infiltrate composed of T cells and heavily parasited Kupffer cells. Presumably, central memory T cells are those sensitized against L. chagasi or other antigens. Moreover, the highest proportion of activated effector T cells was also observed in the liver of asymptomatic dogs, correlating with an effective immune response against the parasite. Interestingly, many naïve T cells were observed in the liver of symptomatic dogs. Mackay and others have demonstrated that ovine naive T cells and memory T cells exhibit different patterns of migration. 19 Thus, memory or effector T cells may migrate to peripheral tissues, providing protection at these vulnerable sites. In contrast, naive T cells migrate almost exclusively to lymphoid organs, which are designed for receiving migrating cells and antigen sampling. 19, 20 Therefore, it is possible that the high proportion of naive T cells found in the liver of symptomatic dogs correspond to a resident T cell group similar to that described in mice as a mixed T cell population associated with tolerance or non specific activation. 21 Furthermore, these naive T cells and the resting memory T cells may correspond to a pool of cells that selectively migrates to the liver to undergo apoptosis. [22] [23] [24] How- ever, this issue may be addressed by verifying the expression of Fas-FasL, anexin V, and other apoptotic cell markers in the liver. Nevertheless, the role of naive T cells in the liver of infected dogs remains to be defined. The lack of parasites or the low parasite burden observed in the mesenteric lymph nodes may be the result of a more efficient control of infection by this organ. This result is consistent with that observed in the mouse model, where a lower parasite burden in the lymph nodes than in the spleen corresponds with a higher production of the proinflammatory cytokines interleulin-12 (IL-12) and interferon-␥ (IFN-␥). 25 Since we lack information on the time span of infection from the dogs studied, it is impossible to determine the precise role of the lymph node in chronic canine VL and further studies with experimental dog models are necessary.
In the spleen, the immune responses of symptomatic and asymptomatic dogs were very similar. However, the selective accumulation of CD44+ and CD4+ T cells in the spleen of asymptomatic dogs is highly suggestive of an efficient cellular response against the parasite that involves the recruitment of parasite-specific CD4+ T cells destined to migrate to targets organs.
In contrast to our results, Tafuri and others in a histopathologic study of dogs in Brazil experimentally and naturally infected with L. chagasi observed intralobular granulomas in the livers of all the animals studied regardless the status of infection. 12 Moreover, consistent with our results, they observed a similar histologic pattern in the spleens of all the infected dogs, supporting the proposition of a differential response in target organs.
The participation of T lymphocytes in the control of infection with Leishmania spp. has been recognized and many studies with experimental models of cutaneous leishmaniasis and VL have demonstrated the importance of T cells in granuloma formation. 5, [26] [27] [28] Although it is impossible to predict the outcome of VL in naturally infected asymptomatic dogs, the results here presented showed well-defined hepatic granulomas with activated effector T cells, macrophages, and dendritic cells, and prominent expression of adhesion and activation molecules, suggesting the establishment of an efficient cell-mediated immunity that allows the infected animals to remain chronically infected but with a low parasite burden and undetectable clinical sings. Thus, this resembles the model of infection established in BALB/c and C57BL/6 mice, with a normal structure-normal function granuloma described by Murray. 29 In contrast, the lack of a mature hepatic granulomas and the marked decreased of infiltrating T cells and activation molecules in symptomatic dogs represents a no structure-no function granuloma, such as those observed in T cell-deficient mice (i.e., nude and SCID), monocyte influx−deficient mice (i.e., intercellular adhesion molecule 1 knock-out [KO]), and Th1-deficient mice (IL-12 KO and IFN-␥ KO). 29 These differences in T cell distribution and function were less significant in the spleen, suggesting an organ-specific immune response in VL dogs, as described for the murine model. 5 In canine VL, previous studies have focused on cytokine expression 11 and in vitro response of peripheral T cells. 8, 10, 30 The present work is the first study in L. chagasi-infected dogs that addresses the role of T cells in target organs and shows a clear difference in the distribution of memory and effector T cells in the same individual and in the livers of asymptomatic dogs compared with symptomatic ones. These differences in the immune response to Leishmania should be taken in consideration in vaccine and drug development studies. Further investigation involving the expression of activation and regulatory molecules and the cytokine pattern in these target organs will provide a better knowledge of the regulation of the immune response in dogs against Leishmania. 

